Without a fully developed and functioning initial segment, the most proximal region of the epididymis, male infertility results. Therefore, it is important to understand the development of the initial segment. During postnatal development of the epididymis, many cellular processes of the initial segment are regulated by lumicrine factors, which are produced by the testis and enter the epididymis with testicular luminal fluid. In this report, we showed that prior to Postnatal Day 15 (P15), the initial segment was lumicrine factor independent in the mouse. However, from P19 onward, lumicrine factors were essential for the proliferation and survival of initial segment epithelial cells. Therefore, P15 to P19 was a critical window that established the dependency of lumicrine factors in the initial segment epithelium. The initial segment-specific kinase activity profile, a marker of initial segment differentiation, was also established during this window. The SFK (SRC proto-oncogene family kinases), ERK pathway (known as the RAF/MEK/ERK pathway) components, and AMPK (AMP-activated protein kinases) pathway components had increased activities from P15 to P19, suggesting that lumicrine factors regulated SFK/ERK/AMPK signaling to initiate differentiation of the initial segment from P15 to P19. Compared with litter mate controls, juvenile Src null mice displayed lower levels of MAPK3/1 (mitogen-activated protein kinase 3/1) activity and a reduced level of differentiation in the initial segment epithelium, a similar phenotype resulting from inhibition of SRC activity within the window of P15 to P19. Therefore, lumicrine factor-dependent SRC activity signaling through MAPK3/1 is important for the initiation of initial segment differentiation during a critical window of development. differentiation, epididymis, ERK pathway, lumicrine regulation, SRC
INTRODUCTION
The mammalian epididymis comprises a single coiled duct, which is about 6 meters long in humans and 1 meter in mice [1] . This long, convoluted epididymal duct provides a luminal fluid microenvironment for sperm maturation, transportation, and storage. Without a fully developed and functional epididymis, male infertility will result [2] .
The epididymis develops from the anterior part of the Wolffian duct. During embryonic development, the epididymal duct undergoes extensive elongation and coiling [1] . During postnatal development, the epididymis undergoes differentiation and develops into a segmented duct, with each segment having distinct morphological features, gene profile, and functions [2] [3] [4] . The most proximal region of the epididymis, the initial segment, must undergo proper differentiation to ensure its function in sperm maturation. C-ros oncogene 1 (Ros1) knockout male mice that lacked prepubertal differentiation of the initial segment were healthy but infertile. Spermatozoa from Ros1 null mice showed flagellar angulation, a defect in sperm maturation [5, 6] . Conditional knockout of phosphatase and tension homolog (Pten) from the proximal epididymis resulted in dedifferentiation of the initial segment, which in turn resulted in a sperm maturation defect similar to that of Ros1 knockouts, eventually leading to male infertility [7] . Therefore, it is important to understand the mechanism(s) that regulate(s) initial segment differentiation.
In mice, the period of differentiation of the epididymal epithelium ranges from Postnatal Day 15 (P15) to P44, coincident with the first wave of testicular luminal fluid reaching the epididymis at approximately P15 [8] . Our previous studies showed that lumicrine factors, which enter the epididymis with testicular luminal fluid, stimulated cell proliferation in the initial segment epithelium in juvenile mice and were necessary for epithelial cell survival in adult initial segments [9] . However, it is unclear what the role of lumicrine factors is during initial segment differentiation. We previously reported that lumicrine factors activated MAPK3/1 (mitogenactivated protein kinase 3/1), a marker for initial segment differentiation, in the initial segment epithelium from P15 to P19 and sustained a high level of MAPK3/1 activity in the initial segment onward [9] . Therefore, we hypothesized that lumicrine factors signaled through the ERK pathway (also known as the RAF/MEK/ERK pathway) to regulate initial segment differentiation.
In addition to the higher activity levels of MAPK3/1 in the initial segment compared with other epididymal regions, the differentiated initial segment also has higher activity or gene/ protein levels of SRC proto-oncogene family kinases (SFK), PTEN, and the signaling components from the AMP-activated protein kinases (AMPK) pathway [9, 10] . In this report, we investigated the molecular mechanisms initiating differentiation of the initial segment and the role of lumicrine factors and SRC (SRC proto-oncogene), a member of the SFK family, in initial segment differentiation.
MATERIALS AND METHODS

Animals
Mice were handled according to the approved protocols following the guidelines of the Institutional Animal Care and Use Committee of the University of Virginia. Src null mice were reported on previously [11, 12] . Mice were bred and genotyped according to the protocols published by The Jackson Laboratory (Bar Harbor, ME).
We defined epididymal regions according to previous studies [3] , which divided the epididymis into either 4 major regions or 10 more defined regions: initial segment (I-II), caput (III-VI), corpus (VII-VIII), and cauda (IX-X). The illustration of initial segment regions I, II, and III was shown in a previous study [7] .
Efferent Duct Ligation
To block lumicrine factors from reaching the epididymis, unilateral efferent duct ligation (EDL) surgeries were performed using the protocol modified from the rat EDL procedure, which was described previously in detail [9, 13] . Great care was taken to avoid ligating nearby blood vessels. For the control, a sham operation was performed on the contralateral side within the same animal. Pentobarbital sodium injection (50 mg/kg of body weight) was used as the anesthesia during the surgery. Twenty-four hours or 1 wk after EDL, mice were euthanized by Isothesia (isoflurane) gas overdose followed by cervical dislocation. The tissues were harvested and processed for immunofluorescence analysis.
Immunofluorescence
To examine protein levels during a time course of epididymal development, the epididymides from P15 to P28 were collected from the mice belonging to the same litter, to minimize developmental differences between different litters. Epididymal tissue samples were immersion fixed in 4% paraformaldehyde in PBS overnight at 48C. Subsequently, the epididymides from different time points were positioned, side by side, and pre-embedded in 1% agarose in a single block. Overall, samples were collected from four litters, and four sets of biological replicates were generated. Similarly, the epididymides from littermate control and knockout mice or inhibitor-treated mice were paired and pre-embedded in agarose block, and sample replicates were generated.
Then, agarose pre-embedded samples underwent paraffin embedding and sectioning, tissue sections were placed on slides, and slides were deparaffinized and rehydrated. For antigen retrieval, slides were microwaved in antigen unmasking solution (Vector Laboratories, Burlingame, CA) for 10 min on high in a 1300-W microwave and cooled for 1 h at room temperature. Following immersion in blocking solution with 10% (v/v) normal goat serum (Vector Laboratories), 0.5% (v/v) gelatin from cold-water fish skin (Sigma, St. Louis, MO), and Tris-buffered saline (TBS) for 1.5 h, slides were incubated overnight at 48C in blocking solution with primary antibodies. Following washing in TBS, slides were incubated with a 1:200 dilution of Alexa Fluor 594 secondary antibodies (Molecular Probes, Eugene, OR) in blocking solution for 1.5 h at room temperature. All slides were washed in TBS and mounted using Prolong Anti-fade reagent with 4 0 ,6-diamidino-2-phenylindole (DAPI) for nuclear XU ET AL.
staining (Molecular Probes) and viewed under a Zeiss microscope equipped with epifluorescence. If different labeling patterns were found between two epididymal regions, images were taken across two regions. If not, images were taken at the center of the individual region. For each primary antibody, immunofluorescence experiments were repeated at least three times on different sample replicates. Primary antibodies used in this study are listed in Table 1 . In addition, phospho-Histone H3 antibody (no. 06-570; 1:500 working dilution) was purchased from Millipore (Billerica, MA). Cleaved-caspase3 antibody (no. 9661; 1:100 working dilution) and normal rabbit immunoglobulin G (IgG; no. 3900, 1:50 working dilution) were from Cell Signaling Technology (Beverly, MA). To ensure that labeling intensity was comparable among images, each panel of images was taken from the same slide, which contained a serial of tissue sections. When measuring labeling intensity of membranes and nuclei, lines across/along membranes or across several nuclei were drawn, and labeling intensity along the line was measured using ImageJ Plot Profile and normalized to the length of the line. For each image, at least three lines were measured from different cross sections of the epididymal duct, and the average was calculated. When measuring labeling intensity of the cytoplasm, a small square was drawn, and labeling intensity within the square was measured using the ImageJ Histogram function. The same fixed square was then moved to another cytoplasmic location for measurement. For each image, at least three squares were measured from different cross sections of the epididymal duct, and the average was calculated. For each antibody, labeling intensity was measured on three or more panels of images. If the results from multiple panels were consistent, representative image panels and quantification data were reported.
Measurement of Cell Proliferation and Apoptosis
Immunofluorescence experiments were performed to label proliferating and apoptotic cells using phospho-Histone H3 antibody (no. 06-570; 1:500 working dilution) and cleaved-CASP3 antibody (no. 9661; 1:100 working dilution), respectively. Cell proliferation was measured by manually counting the number of p-Histone H3-positive cells per mm 2 epithelial area. Apoptosis was measured by manually counting cleaved-Caspase3-positive cells per mm 2 epididymal area. Epithelial area and epididymal area were measured using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD).
Inhibitor Injection
A daily dose of Bosutinib (LC Laboratories, Woburn, MA) was administered intraperitoneally to wild-type C57B6 mice from P15 to P19 at 30 mg/kg of body weight, and the tissues were harvested at P19 and processed for immunofluorescence analysis.
Statistics
One-way analysis of variance was performed to identify significant changes between groups. The significant difference was indicated by *P , 0.05 and **P , 0.01. Area was measured using Image-Pro Plus (Media Cybernetics, Rockville, MD) and ImageJ software (http://www.imagej.nih.gov).
RESULTS
The Initial Segment Established Dependence on Lumicrine Factors from P15 to P19
In this study, EDL was performed at different ages to examine the roles of lumicrine factors during development of the initial segment. As shown in Figure 1A , deprival of lumicrine factors for 24 h resulted in a significant decline in the FIG. 1. Lumicrine factor dependency of the initial segment epithelium. A) Measurement of cell proliferation in the initial segment after 24 h of EDL, which was performed from the ages of 2 wk to adult. B) Measurement of cell proliferation at the age of 3 wk after 1 wk or 24 h of EDL, which was performed at the ages of either 2 wk or 3 wk, respectively. C) Measurement of cell proliferation after 24 h of EDL, which was performed at P15 and P19, respectively. D) Measurement of apoptosis in the initial segment after 24 h of EDL, which was performed from the ages of 2 wk to adult. E) Measurement of apoptosis after 24 h of EDL, which was performed at P15 and P19, respectively. F) A diagram shows that P15 to P19 is a critical window for the initial segment epithelium to establish lumicrine factor dependence during postnatal development. Cell proliferation was measured by counting p-Histone H3-positive cells per epithelial area. Apoptosis was measured by counting cleaved-Caspase3-positive cells per epididymal area. Data shown are mean 6 SEM, n ! 3. **P , 0.01 versus sham; *P , 0.05 versus sham.
REGULATION OF INITIAL SEGMENT DIFFERENTIATION
proliferation of epithelial cells from the ages of 3 to 5 wk. However, high levels of proliferation of epithelial cells at the age of 2 wk were not affected by 24-h EDL. For 3-wk-old mice, when EDL was performed at 2 wk, proliferation in the initial segment epithelium of EDL groups was comparable to sham controls a week later at the age of 3 wk. In contrast, when EDL was performed at 3 wk, proliferation declined significantly 24 h later compared with controls also at the age of 3 wk (Fig. 1B) . In addition, 24-h EDL was performed on different days between 2 and 3 wk. As shown in Figure 1C , EDL did not affect cell proliferation at P15. However, deprival of lumicrine factors resulted in a significant decline in proliferation of epithelial cells at P19 (Fig. 1C) .
Deprival of lumicrine factors for 24 h also resulted in apoptosis in the initial segment epithelium from the age of 3 wk onward. However, EDL did not result in apoptosis at the age of 2 wk (Fig. 1D ). More precisely, prior to P15, deprival of lumicrine factors did not result in apoptosis in the initial segment. Only from P19 onward did it result in apoptosis in the initial segment epithelium (Fig. 1E) .
As shown in Figure 1F , prior to P15, epithelial cells in the initial segment were lumicrine factor independent; from P19 onward, they relied on lumicrine factors for proliferation and survival.
The Initial Segment Established Its Distinct Kinase Profile from P15 to P19
We previously reported a list of protein kinases that had specific activities in the initial segment compared with the caput [9] . To investigate which kinase(s) was/were involved in cellular processes from P15 to P19, the changes of these kinases in protein and/or activity levels were analyzed during this critical time window. SFK activity is regulated by tyrosine phosphorylation at two sites, with opposing effects. Phosphorylation of Y416 in the activation loop of the kinase domain upregulates enzyme activity. Phosphorylation of Y527 in the carboxy-terminal tail by cSRC tyrosine kinase (CSK) renders the enzyme less active [14] . Phospho-SFK and total SFK were localized to the plasma membrane. The levels of SFK phosphorylated at the activation site Y416 increased from P15 to P19 (Fig. 2, A-C and J) . Stronger labeling at the basolateral membrane was observed in region I at P19 compared with region III or earlier time points of region I (Fig. 2, A-C, arrow and arrowhead) . The phosphorylation levels of SFK at Y527, the inhibitory site, decreased from P15 to P19 (Fig. 2 , D-F and J) in region I. Total protein levels of SFK did not change during the same time window in region I (Fig. 2, G-J) . RAF1 (RAF1 proto-oncogene) phosphorylated at S259 was localized to the subcellular region near and/or at the apical membrane and the basolateral membrane of epithelial cells. The levels of immunolabeling of RAF1 phosphorylated at S259, an inhibitory site, decreased from P15 to P19 (Fig. 3 , A-C and M) in region I. RPS6 (ribosomal protein S6) phosphorylated at S235/236 had cytoplasmic localization. Phospho-RPS6 levels increased in regions I and II from P15 to P19 (Fig. 3, D-F and M) . Compared with region I, region II had a higher level of immunolabeling of phospho-RPS6 at P17 and P19 (Fig. 3, D-F) . CCND1 (cyclin D1), which was found to be a downstream target of the ERK pathway in the initial segment [9] , showed a checkerboard labeling pattern in the nuclei. From P15 to P19, an increased number of epithelial cells showed positive labeling in the nuclei in region I (Fig. 3 , G-I). Androgen receptor (AR), the expression level of which correlates with the genomic regulation of androgen, was localized to the nuclei, and labeling intensity did not change from P15 to P19 in region I (Fig. 3, J-M) .
AMPKb1/2 phosphorylated at S108 showed nuclear and basolateral membrane localization. Labeling intensity increased at the basolateral membrane from P15 to P19 in region I. At P19, basolateral membrane labeling was distinctly higher in region I compared with region III (Fig. 4 , A-C and M, arrow M) Quantification of labeling intensity of phospho-RAF1 at the basolateral membrane, phospho-RPS6 in region II, CCND1, and AR in the nuclei from P15 to P19. Each panel of images was taken from the same slide, which contained tissue sections from P15 to P19. Labeling intensity along the lines or within the squares was measured using ImageJ Plot Profile or ImageJ Histogram function, respectively, and it was shown in arbitrary units.
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and arrowhead). Total protein AMPKb1/2 had a broad localization pattern. It was localized to the cytoplasm and also on the plasma membrane and in the nuclei. AMPKb1/2 protein levels increased from P15 to P19 in region I. A higher level of AMPKb1/2 in region I compared with region III was observed at P19 (Fig. 4, D-F and M) . Both acetyl-CoA carboxylase (ACC) phosphorylated at S79 and total ACC protein had plasma membrane and cytoplasmic localization. The levels of ACC phosphorylated at S79 increased from P15 to P19 in region I. At P19, a higher labeling intensity of phospho-ACC in region I compared with region III was observed (Fig. 4 , G-I and M). Labeling intensity of total ACC protein at the cell membrane and cytoplasm did not change from P15 to P19 (Fig.  4 , J-M) in region I.
Some differentially expressed or activated proteins between the initial segment and the caput did not show changes in protein and activity levels from P15 to P19. Epidermal growth factor receptor (EGFR) phosphorylated at Y1045 and MET (MET proto-oncogene) phosphorylated at T1234/1235 had a weak and broad localization pattern, and the pattern did not change from P15 to P19. However, at P28, specific labeling of phospho-EGFR and phospho-MET adjacent to the apical membrane was found in region I (Fig. 5, A-H and M, arrows) . PTEN was localized to the cytoplasm and on the plasma membrane and was concentrated to the subcellular region near and/or at the apical membrane of epithelial cells. The localization pattern did not change from P15 to P19 in the initial segment. At P28, PTEN labeling near the apical membrane remained unchanged from P15 and P19 (Fig. 5M) . However, it was higher in epididymal region I compared with region III (Fig. 5L, arrow and arrowhead) , whereas nuclear localization of PTEN was observed in region I but not in region III (Fig. 5L) . Control images of immunofluorescence labeling using normal rabbit IgG or secondary antibody alone are shown in Supplemental Figure S1 (available online at www. biolreprod.org).
Loss of Src Affected Initial Segment Differentiation as Measured by Changes in Phospho-MAPK3/1
Src null mice suffered from osteopetrosis [11] , which resulted in failure of tooth eruption, and the mice needed special diet supplements to avoid malnutrition after weaning. To avoid any health issues, we focused our study on preweaned P17 mice. More importantly, P17 is in the middle of the critical time window of initiation of initial segment differentiation.
The body weight of P17 Src null mice (Src À/À ; 9.2 6 0.2 g) was not significantly different from controls (Src þ/þ and Src þ/À ; 10.0 6 0.8 g). The testis width and length of P17 Src null mice were 30.0 6 0.7 mm and 44.1 6 0.8 mm, respectively; these were not significantly different compared with controls (30.4 6 0.8 mm and 46.5 6 0.3 mm, respectively). However, proximal epididymal regions I, II, and III of Src À/À appeared smaller and underdeveloped compared with littermate controls (Fig. 6B) . In controls, a high level of phopho-MAPK3/1 appeared in region I and extended to entire region II at P17 (Fig. 6, C and E) . However, in knockouts, only a small area of region I closest to the efferent ducts displayed the high level of phospho-MAPK3/ 1 (Fig. 6D) , or the high level of phospho-MAPK3/1 was present in region I but did not extend to region II at P17 (Fig. 6F) . Bosutinib, a bioavailable SRC inhibitor (code name SKI-606) [15] was administrated daily to mice from P15 to P19. Figure 7 , A-D, shows that SRC activity levels declined upon inhibitor treatment. The levels of SRC phosphorylated at the activation site Y416 were lower in initial segment region I of treated mice compared with DMSO controls (Fig. 7, A and B) , whereas the levels of SRC phosphorylated at the inhibitory site Y527 were higher in treated mice compared with controls (Fig.  7, C and D) . Phospho-MAPK3/1 levels were lower in initial segment region I of treated mice compared with controls (Fig.  7, E and F) .
DISCUSSION
The first stage of epididymal postnatal development, prior to P15 in the mouse, is referred to as the undifferentiated period. During this stage, initial segment epithelial cells were never exposed to lumicrine factors. It is not surprising that undifferentiated epithelial cells do not depend on lumicrine factors for cell proliferation and survival. In contrast, during the second stage, from P15 to P19, initial segment epithelial cells responded to the first wave of lumicrine factors and established lumicrine factor dependency. Simultaneously, initial segment differentiation began, and the initial segment-specific kinase activity profile was established. Therefore, we referred to P15 to P19 as a critical window of initiation of initial segment differentiation. During the third stage, from P19 to P44, initial segment epithelial cells continued their differentiation processes. Different cell types-basal cells, principal cells, narrow cells, and clear cells-appeared from P28 onward [2] . Epithelial cells undergoing differentiation relied on lumicrine factors for both proliferation and survival (Fig. 1) . This period was referred to as the period of initial segment differentiation. During the fourth stage, from 6 wk onward, cell proliferation of differentiated cells was very low, but already differentiated cells in the initial segment relied on lumicrine factors for survival ( Fig. 1) [9, 16] . We referred to this stage as the differentiated period. Taken together, initial segment epithelial cells undergo each differentiation stage during postnatal development, and they respond to the exposure of lumicrine factors differently at each stage.
The SFK, ERK, and AMPK pathway components responded to lumicrine factors soon after they entered the epididymal duct. In contrast, PTEN, MET, and EGFR established the initial segment-specific expression/activity pattern much later, at approximately P28 (Fig. 5) . Therefore, we hypothesized that the early response proteins were likely involved in initiation of initial segment differentiation. The late response proteins likely reflected the characteristics of a differentiated initial segment, and played roles in the maintenance of initial segment differentiation. This hypothesis was consistent with our previous report, in which we showed that a high activity level of PTEN in the initial segment sustained a high activity level of the ERK pathway, which in turn maintained initial segment differentiation [7] .
The identity of lumicrine factors is not known. Multiple growth factors, including fibroblast growth factors, and high levels of androgen and androgen-binding protein were detected in luminal fluid [2, 17, 18] . It was hypothesized that growth factors regulated permissive signal pathways, whereas nongenomic actions of AR enhanced signal transduction regulation [17] [18] [19] [20] . It was also demonstrated that multiple signal pathways responded to the entry or deprival of lumicrine factors in the initial segment [16, 21] . Among them, the ERK pathway rapidly and intensively responded to the changes in lumicrine factors [9, 16] . We previously revealed that MAP2K1/2 and MAPK3/1 activities were affected by the changes of lumicrine factors [9, 16] . In this report, we showed that RAF1, another component of the RAF/MEK/ERK signal cascade, had increased activity upon lumicrine factor exposure. It was also possible that the increased activity or expression levels of RPS6, CCND1, and the AMPK pathway components from P15 to P19 were the result of upregulation of the ERK pathway because these signal molecules were known to interact with the ERK pathway [22, 23] . It is likely that the ERK pathway is in the center of multiple lumicrine-regulated signal transduction pathways.
Several knockout animal models revealed that the high activity levels of the ERK pathway were essential for initial segment differentiation, and therefore for male fertility. A recent study using Ros1 knockouts showed that loss of Ros1 or pharmacological inhibition of ROS1 resulted in a decrease in the activity levels of the ERK pathway, and in turn loss of initial segment differentiation and male fertility [24] . In initial segment-specific Pten knockouts, activated AKT (thymoma viral proto-oncogene) suppressed the RAF1/ERK pathway, which eventually resulted in dedifferentiation of the initial segment and male infertility [7] . In initial segment-specific Ar knockouts, the activity levels of the ERK pathway components were reduced. Subsequently, impairment of initial segment differentiation and male infertility were observed [19] . Consistently, in vitro experiments showed that androgen regulated the ERK pathway through the nongenomic action of AR [18] . Therefore, the high activity level of the ERK pathway is a driving force of initial segment differentiation and is required for male fertility.
Notably, AR protein levels did not change from P15 to P19 (Fig. 3) . Ar mRNA levels were not significantly reduced following the deprival of lumicrine factors [16] . Therefore, it is unlikely that lumicrine factors regulated genomic actions of AR through transcriptional regulation.
In addition to the ERK pathway components, we found that SFK was another key signaling molecule in lumicrine regulation. SFK activity levels responded rapidly to the exposure or loss of lumicrine factors (Fig. 2) [9] . It is well known that SFK can regulate cellular function via the ERK pathway [25] . Consistently, in this study, we showed that deletion of Src gene and pharmacological inhibition of SRC activity both resulted in a decrease of MAPK3/1 activity. Therefore, we hypothesize that SRC signaling through the ERK pathway regulates initial segment differentiation.
SFK is a family of nine members, with SRC being abundant in many tissues [25] . It has been suggested that other members of SFK might compensate for SRC function in Src null mice [11] . Loss of Src reduced but did not abolish the high MAPK3/ 1 activities in the initial segment epithelium. Suppression of SRC activity by an inhibitor had stronger inhibitory effects on MAPK3/1 activities, but it also did not completely diminish the high MAPK3/1 activities in the initial segment. Likely, several SFK family members, rather than a single member, regulated MAPK3/1 activities and initial segment differentiation.
In summary, we discovered that the development of mouse initial segment from P15 to P19 was a critical window in which the SFK/ERK/AMPK signaling pathways rapidly responded to lumicrine factors, which in turn initiated differentiation of this epididymal region. In addition, this study provided evidence that SRC signaling through the ERK pathway played a major role during the initiation of initial segment differentiation.
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